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Abstract Durum wheat (Triticum turgidum L. subsp.

durum, 2n = 4x = 28, AABB) is an important cereal

used for making pasta products. Compared with bread

wheat, durum wheat receives less attention in genetic

and genomic studies. In this research, a tetraploid

wheat doubled haploid (DH) population derived from

the cross between the durum wheat cultivar ‘Lebsock’

and the T. turgidum subsp. carthlicum (2n = 4x = 28,

AABB) accession PI 94749 was developed. The

population consisted of 146 lines and was used to

construct linkage maps of all 14 chromosomes. The

maps consisted of 280 SSR markers and spanned

2,034.1 cM with an average density of one marker per

7.2 cM. The DH population and the whole genome

linkage maps were then used to identify QTLs associ-

ated with tan spot resistance. The DH population was

inoculated separately with two Ptr ToxA-producing

isolates (Pti2 and 86-124) representing races 1 and 2,

respectively, of Pyrenophora tritici-repentis, and five

resistance QTLs were detected on chromosome arms

3AS, 3BL, 5AL and 7BL. Together, the QTLs explained

a total of 46 and 41% of the phenotypic variation for

reaction to Pti2 and 86-124, respectively. The Tsn1-Ptr

ToxA interaction was not a significant factor in tan spot

development in this population, and none of the QTLs

corresponded to previously identified loci known to

confer insensitivity to host-selective toxins (HSTs)

produced by P. tritici-repentis. This result, together

with those of other similar studies, indicates that the

wheat–P. tritici-repentis pathosystem involves more

factors than currently published host-toxin interactions.

The DH population and genetic maps reported here will

be useful for genetic dissection of important agronomic

traits as well as the identification and development of

markers for marker-assisted selection (MAS).
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Introduction

Genetic linkage maps are powerful tools for gene

tagging, genome characterization, quantitative trait

loci (QTL) analysis, evolutionary studies, and marker

development for marker-assisted selection (MAS).

Genetic maps are particularly useful for crops such as
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hexaploid common wheat (Triticum aestivum L.

2n = 6x = 42, AABBDD) and tetraploid durum wheat

(Triticum turgidum L. subsp. durum, 2n = 4x = 28,

AABB) that have relatively large genomes.

To date, great efforts have been placed on the

construction of whole genome linkage maps in hexa-

ploid wheat (Chalmers et al. 2001; Chu et al. 2008c;

Liu et al. 2005; Paillard et al. 2003; Quarrie et al. 2005;

Somers et al. 2004; Song et al. 2005; Sourdille et al.

2003; Torada et al. 2006), but a relatively limited

number of whole genome maps have been constructed

in durum wheat (Blanco et al. 1998; Elouafi and Nachit

2004; Korzun et al. 1999; Maccaferri et al. 2008;

Mantovani et al. 2008; Nachit et al. 2001; Peleg et al.

2008). Although both hexaploid and tetraploid wheat

possess the A and B genomes, the two genomes vary

somewhat between the two ploidy levels due to

independent evolution over several thousand years

(Chalupska et al. 2008). Furthermore, durum wheat is

widely cultivated in the Mediterranean Basin, and also

in Canada, the United States, Argentina and India, and

it is an important cereal used for making pasta,

couscous, burghul and other products (Nachit 1992).

Therefore, the development of additional linkage maps

in tetraploid wheat will provide essential resources and

tools for genetic studies, breeding, and durum wheat

improvement.

In the past decade, various types of molecular

markers have been used to construct whole genome

maps in wheat. Due to the ease of use, microsatellite (or

simple sequence repeat; SSR) markers have been used

extensively for the development of whole genome

linkage maps in hexaploid wheat (Chalmers et al. 2001;

Chu et al. 2008c; Liu et al. 2005; Paillard et al. 2003;

Somers et al. 2004; Song et al. 2005; Sourdille et al.

2003; Torada et al. 2006). Korzun et al. (1999)

demonstrated that SSRs from hexaploid wheat provide

an excellent source of molecular markers for genetic

studies and breeding of durum wheat.

Tan spot, caused by the fungus Pyrenophora tritici-

repentis (Died.) Drechs. [anamorph Drechslera tritici-

repentis (Died.) Shoem.], is a destructive foliar disease

of both hexaploid and tetraploid wheat (Ali and Francl

2003). Most studies involving the genetic analysis of

tan spot resistance has been conducted in hexaploid

wheat, and in many cases, resistance corresponded to

loci conferring insensitivity to host-selective toxins

(HSTs) produced by P. tritici-repentis. For example,

the Tsn1 locus, which maps to the long arm of

chromosome 5BL (Faris et al. 1996) confers sensitivity

to Ptr ToxA, and the Tsn1-Ptr ToxA interaction has

been shown to play a major role in conferring disease

(Chu et al. 2008b; Friesen et al. 2003; Lamari and

Bernier 1989b). Similarly, Friesen and Faris (2004)

reported a significant association between tan spot

resistance and the Ptr ToxB insensitivity gene Tsc2

located on the short arm of chromosome 2B, and

insensitivity to Ptr ToxC conferred by the Tsc1 gene on

chromosome arm 1AS was reported to be associated

with resistance as well (Effertz et al. 2002). However,

resistance loci beyond the known HST insensitivity

genes have also been reported (Chu et al. 2008b; Faris

and Friesen 2005).

Tan spot resistance in durum wheat and other

tetraploid wheat subspecies has been investigated

(Chu et al. 2008a, Singh et al. 2006b), but, except for

one, the chromosome locations of the genes confer-

ring resistance have not been identified (Singh et al.

2006a). In this study, we used two tetraploid wheat

lines to develop a doubled haploid (DH) population

and constructed linkage maps covering all 14 chro-

mosomes. The DH population was then screened for

reaction to two Ptr ToxA-producing isolates of

P. tritici-repentis to determine if the Tsn1-Ptr ToxA

interaction was an important factor in the develop-

ment of tan spot, and to identify novel tan spot

resistance QTLs.

Materials and methods

Plant materials

Accession PI 94749 of T. turgidum subsp. carthlicum

and the durum wheat cultivar ‘Lebsock’ were used to

develop a population consisting of 146 DH lines. PI

94749 was originally obtained from the USDA-ARS

National Small Grain Research Facility, National

Small Grain Collection, Aberdeen, ID. PI 94749

harbors resistance to Fusarium head blight (FHB)

(Oliver et al. 2008) and Stagonospora nodorum blotch

(SNB), but was moderately susceptible to tan spot (Chu

et al. 2008a). Lebsock was developed by the North

Dakota Agricultural Experiment Station in coopera-

tion with USDA-ARS and was officially released in

1999. Lebsock harbors resistance to stem rust and leaf

rust, is moderately resistant to tan spot, and is

moderately susceptible to FHB (Elias et al. 2001).
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The DH population was developed using the

wheat 9 maize method described in Chu et al.

(2008c). All 146 DH lines were used to construct

linkage maps and conduct QTL analysis for tan spot

resistance.

SSR marker generation

Genomic DNA was isolated using the method

described by Dvorak et al. (1988). The DNA concen-

tration was adjusted to 30–50 ng/ll for PCR reactions.

Based on previous surveys for polymorphism between

PI 94749 and Lebsock, a total of 281 SSR primer sets

including 87 BARC (Song et al. 2005), 64 GWM

(Röder et al. 1998a, b), 3 GDM (Pestsova et al. 2000),

17 CFA (Sourdille et al. 2003), 9 CFD (Guyomarc’h

et al. 2002), 90 WMC (Somers et al. 2004) and 11

DuPw (Eujayl et al. 2002) were used to generate

markers for developing linkage maps in the DH

population. SSR fragments were amplified by PCR

following the conditions described in Somers et al.

(2004). SSRs were separated by capillary electropho-

resis using an ABI 3130xl Genetic Analyzer (Applied

Biosystems, Foster City, CA) using the procedures

described in Chao et al. (2007).

Linkage map construction

The computer program QGENE (Nelson 1997) was

used to test the segregation ratios of all markers for fit

to the expected 1:1 ratio by Chi-squared analysis. The

computer program MAPMAKER (V2.0) for Macin-

tosh (Lander et al. 1987) was then used to perform

linkage analysis with a minimum LOD threshold of

3.0 and the Kosambi mapping function (Kosambi

1944). Several large linkage groups were first

obtained by using the ‘‘two-point/group’’ command

with a minimum LOD = 3.0 and a maximum

h = 0.40, and then each large group was regrouped

using a minimum of LOD = 10.0. The FIRST

ORDER and RIPPLE (LOD [ 3.0) commands were

used to determine the most plausible order of markers

within linkage groups. The TRY command was used

to add markers that did not RIPPLE at an LOD [ 3.0

to the established framework maps. Positions of

centromeres on the maps were estimated according to

the published physical map (Sourdille et al. 2004).

Tan spot resistance evaluation

Pyrenophora tritici-repentis isolates Pti2 (race 1)

(Friesen et al. 2002) and 86-124 (race 2) (Friesen

et al. 2003) were selected for this study because they

are the two most common races in North America and

both produce Ptr ToxA (Tomás and Bockus 1987;

Lamari and Bernier 1989b; Tuori et al. 1995). Disease

inoculations were conducted in three replicated exper-

iments under controlled conditions using procedures

described in Friesen et al. (2003), and all plants were

inoculated with conidia of each isolate separately.

Totally, nine plants were analyzed collectively for each

replicate and a total of three replicates were used for the

entire population with each isolate.

Fungi were grown and conidia were harvested as

described by Lamari and Bernier (1989a). Spore

inoculum was adjusted to 3,000 spores/ml, and two

drops of Tween-20 (Sigma, Saint Louis, MI) were

added per 100 ml of inoculum. Plants were inocu-

lated until runoff and placed in 100% relative

humidity in the light at 21�C for 24 h, and then

placed in a growth chamber under a 12-h photoperiod

at 21�C. Reaction types were scored 7 days post

inoculation using the 1–5 reaction type rating scale

developed by Lamari and Bernier (1989a), where

1 = resistant, 2 = moderately resistant, 3 = moder-

ately resistant to moderately susceptible, 4 = mod-

erately susceptible, and 5 = susceptible. Lines

showing equal numbers of two reaction types were

given an intermediate score (e.g. lines showing equal

numbers of reaction type 1 and 2 were scored as 1.5).

PI 94749 is insensitive to Ptr ToxA (Chu et al.

2008a), and Lebsock was sensitive in preliminary

experiments. To investigate Ptr ToxA reaction in the

DH population, leaves of each line were infiltrated

with purified Ptr ToxA at the two-leaf stage as

described in Chu et al. (2008c). Purified Ptr ToxA

was provided by S.W. Meinhardt, Department of

Plant Pathology, North Dakota State University,

Fargo, ND. Infiltrated plants were scored 4 days after

infiltration as sensitive or insensitive based on the

presence or absence of necrosis.

Statistical and QTL analysis for tan spot

resistance

Bartlett’s v2 was calculated to test for homogeneity of

variances among different experiments (SAS Institute

Mol Breeding (2010) 25:327–338 329
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1999). The mean scores of all lines were obtained by

combining data from homogeneous experiments and

used for statistical and QTL analysis. Mean scores

based on Ptr ToxA sensitivity were compared using

Fisher’s protected least significant difference (LSD)

at P \ 0.05 (SAS Institute 1999) to test the signif-

icance of the Tsn1-Ptr ToxA interaction in tan spot

development. For QTL detection, single-factor

regression analysis was performed using the entire

marker data set, but for simple interval mapping

(SIM) and composite interval-regression mapping

(CIM), a subset of 188 markers spaced [2 cM apart

and giving the most complete genome coverage was

used. QTL analysis was performed using the program

Windows QTL Cartographer (v2.5) (Wang et al.

2007). A permutation test with 5,000 permutations

indicated that a LOD threshold of 3.10 in this

population yields an experiment-wise significance

level of 0.05. Markers with the most significant effect

for each QTL for a given trait were assembled into

multiple regression models (Nelson 1997), and the

coefficient of determination (R2) from the multiple

regression model is the total amount of phenotypic

variation explained by the markers. Markers with

significant (P \ 0.001) main effects were tested

against all other markers (Manly et al. 2001) in the

dataset to identify significant (P \ 10-6) interactions

among QTLs.

Results

Genetic linkage mapping

A total of 290 loci were generated by 281 SSR primer

pairs, and ten of them were either unlinked or formed

small linkage groups that could not be assigned to

chromosomes and thus were eliminated from the data

set. Therefore, 280 SSR marker loci were used to

assemble the 14 linkage groups (Fig. 1, Table 1).

Linkage groups were anchored to specific chromo-

somes according to published genetic and physical

maps (Somers et al. 2004; Sourdille et al. 2003). The

total genetic distance of the linkage maps was

2,034.1 cM, with an average density of one marker

per 7.2 cM.

The total map lengths were 1,153.4 and 880.7 cM

for the A and B genomes, respectively, (Table 1). The

B genome contained 148 marker loci with an average

of 6.0 cM per locus and was more dense than the A

genome, which had 133 marker loci with a density of

8.7 cM per marker. Of the 280 marker loci, 35 (12.5%)

had segregation ratios that deviated significantly from

the expected 1:1 ratio and were located on eight

chromosomes (1A, 1B, 2B, 3B, 4A, 5A, 6A, and 7A;

Table 1; Fig. 1). For the most part, loci with distorted

segregation ratios mapped near chromosome ends or in

centromere regions (Fig. 1). Chromosomes 2B and 3B

contained the most marker loci with skewed segrega-

tion ratios (9 and 10, respectively), and those on

chromosome 3B were clustered in the long arm

(Fig. 1).

Map lengths for individual chromosomes ranged

from 85 (chromosome 1B) to 191.6 cM (chromosome

3A) (Table 1). Six chromosomes (3A, 4A, 5A, 6A,

7A, and 7B) contained gaps greater than 30 cM

(Fig. 1). Clustering of markers near centromeric

regions was observed for all chromosomes, and

clustering in other non-centromeric regions was also

observed in most chromosomes (Fig. 1).

The orders and distances of most of the SSR

markers on our maps are consistent with those in

genetic maps developed by Somers et al. (2004), but

we observed a major difference between the two

maps on chromosome 1A, where the marker order in

the segment delineated by Xwmc24 and Xbarc83 was

reversed. However, our marker order in this segment

was consistent with that of the physical map

published by Sourdille et al. (2004).

Tan spot evaluation in the DH population

Tan spot reaction types were recorded 7 day post-

inoculation for each DH line. The data from the three

replicated experiments for each isolate were homo-

geneous (Bartlett’s v2
df¼2 ¼ 1:96 and 0.69, and

P = 0.38 and 0.71 for reaction to isolates Pti2 and

86-124, respectively). Thus, reaction type data from

three experiments for each isolate were combined

separately and the means were used for statistical

analysis and QTL identification. PI 94749 had an

average reaction type of 3.5 and was moderately

susceptible to both isolates, whereas Lebsock showed

a mean reaction type of 2.5 and was moderately

resistant to the two isolates.

In the DH population, reaction types for Pti2

ranged from 1.3 to 4.2 with an average of 3.0, and for

reaction to 86-124, reaction types ranged from 1.0 to
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Fig. 1 Genetic linkage maps constructed in the Lebsock 9 PI

94749 derived DH population. The positions of marker loci are

shown to the right of the linkage groups and centiMorgan (cM)

distances between loci are shown along the left. Black triangles
indicate the positions of centromeres estimated according to

the physical map of Sourdille et al. (2004). Markers with

significantly skewed segregation ratios are indicated with

asterisks where *, **, and *** indicates the marker segregation

distortion was significant at P \ 0.05, 0.01 and 0.001,

respectively
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Table 1 Chromosome

assignment and marker

distribution, genetic length,

and marker density of the

linkage maps constructed in

the Lebsock 9 PI 94749

derived DH population

Chromosome Marker

number

Genetic

length (cM)

Marker density

(cM/marker)

No. markers with

distorted ratios

1A 17 173.1 10.2 4

1B 20 85 4.3 3

2A 16 117.5 7.3 0

2B 22 127.9 5.8 9

3A 22 191.6 8.7 0

3B 25 125.5 5.0 10

4A 22 162.1 7.4 2

4B 21 102.3 4.9 0

5A 21 170.3 8.1 1

5B 25 173.6 6.9 0

6A 13 136.1 10.5 4

6B 17 116.9 6.9 0

7A 22 202.7 9.2 2

7B 18 149.5 8.3 0

A genome 133 1153.4 8.7 13

B genome 148 880.7 6.0 22

Total 281 2034.1 7.2 35

Fig. 1 continued

332 Mol Breeding (2010) 25:327–338

123



4.5 with an average of 3.0. Overall, the distribution of

tan spot caused by Pti2 and 86-124 indicated that

resistance in the population was quantitatively con-

trolled, and transgressive segregation was observed

(Fig. 2). The population segregated 69 insensitive: 77

sensitive for reaction to Ptr ToxA, which fit the expected

1:1 segregation ratio (v2
df¼1 ¼ 0:44, P = 0.51), and the

Tsn1 locus that confers Ptr ToxA sensitivity was

mapped on chromosome arm 5BL (Fig. 1), the same

position as seen previously (Faris et al. 1996). The

distribution of reaction types for isolates Pti2 and 86-

124 in insensitive DH lines is shown in Fig. 2. The

mean reaction types of Ptr ToxA insensitive and

sensitive DH lines were 3.0 and 2.9 for reaction to Pti2,

and 3.0 and 3.0 for reaction to 86-124, respectively.

The two reaction type means were not significantly

different (LSD0.05 = 0.21 and 0.22 for reaction to

isolates Pti2 and 86-124, respectively). This result

demonstrates that a compatible Tsn1-Ptr ToxA inter-

action does not play a significant role in tan spot

development in this population.

QTL detection for tan spot resistance

The single-factor regression analysis indicated that

none of the ten unlinked markers were associated

with tan spot resistance. However, five QTLs iden-

tified by the mapped markers were significantly

associated with tan spot resistance in the DH

population (Table 3, Fig. 3). Two of the five QTLs

were located on chromosome arm 5AL (designated as

QTs.fcu-5A.1 and QTs.fcu-5A.2), and the remaining

three were on chromosome arms 3AS (QTs.fcu-3A),

3BL (QTs.fcu-3B) and 7BL (QTs.fcu-7B). PI 94749

contributed the resistance effects of QTLs QTs.fcu-

5A.2 and QTs.fcu-7B, and Lebsock contributed the

resistance alleles for the other three QTLs. The total

phenotypic variation explained by the five QTLs in

the multiple regression model was 46 and 41% for

reaction to isolates Pti2 and 86-124, respectively

(Table 2). No significant interactions among the

QTLs were detected.

Although the five QTLs showed the same peak

position for reaction to isolates Pti2 and 86-124, the

significance of each QTL varied when inoculated

with different isolates (Table 3; Fig. 2). For reaction

to isolate Pti2, QTs.fcu-5A.1 and QTs.fcu-3A were the

two most significant QTLs and explained 22 and 11%

of the phenotypic variation, respectively. QTs.fcu-

5A.1 was also the most significant QTL for reaction

to isolate 86-124 explaining 15% of the trait varia-

tion, but QTs.fcu-3A had relatively minor effects and

explained only 8% of the phenotypic variation. The

effects of QTs.fcu-5A.2 were increased for reaction to

isolate 86-124 and it explained 13% of the pheno-

typic variation. Compared to the reaction to Pti2, the

significance of QTs.fcu-3B and QTs.fcu-7B were

reduced greatly for reaction to 86-124. The LOD

values for these two QTLs were 2.36 and 3.01,

respectively, which indicates they were both below

the critical LOD threshold of 3.10 (Fig. 3).

Discussion

The durum wheat cultivar Lebsock and the T. turgi-

dum subsp. cartlicum accession PI 94749 differ widely

in that Lebsock has superior agronomic and quality

traits and has been the leading durum cultivar grown in

North Dakota since 2004 (North Dakota Wheat

Commission 2008), whereas PI 94749 is considered

a wild relative with poor agronomic performance. The

two genotypes are also known to have different

reactions to several important diseases such as FHB

Fig. 2 Histograms of the

Lebsock 9 PI 94749

derived DH population

distribution for reaction to

spore inoculation with

isolates Pti2 (race 1) (a) and

86-124 (race 2) (b). Ptr

ToxA insensitive lines are

indicated in black
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(Oliver et al. 2008), SNB (Chu et al. 2008a), stem rust,

and leaf rust (Elias et al. 2001). Therefore, the DH

population derived from the cross of Lebsock 9 PI

94749 and the genetic linkage maps developed in this

work will be useful tools and resources for targeting

genomic regions associated with disease resistance as

well as important agronomic and quality traits, and

providing useful information and materials for genetic

studies and breeding.

The total genetic distance of the whole genome

linkage maps was 2,034.1 cM. Comparisons of our

maps with previously published genetic maps in

hexaploid wheat (Somers et al. 2004; Chu et al.

2008c) indicate that our maps have good coverage of

most chromosomes. However, several chromosomes

were only partially covered based on the estimated

Fig. 3 Partial maps of

chromosomes that carried

QTL associated with tan

spot resistance in composite

interval mapping (CIM) in

the DH population derived

from Lebsock 9 PI 94749.

The positions of marker loci

are shown to the left of each

linkage group and

centiMorgan (cM) distances

between loci are shown

along the right. The black
and grey lines indicate QTL

associated with resistance to

isolates Pti2 (race 1) and

86-124 (race 2),

respectively. The vertical

dotted line indicates the

logarithm of the odds

(LOD) significance

threshold of 3.10. The LOD

and R2 values for each QTL

are listed in Table 3

Table 2 Single-factor and multiple regression analysis of the

markers significantly associated with tan spot resistance caused

by isolates Pti2 (race 1) and 86-124 (race 2) of P tritici-
repentis in the DH population derived from Lebsock 9 PI

94749

Significant marker (chromosome arm) R2 value

Pti2 86-124

Single-factor regression

Xbarc321 (3AS) 0.12*** 0.08**

Xwmc529 (3BL) 0.08** 0.05*

Xbarc360 (5AL) 0.24*** 0.16***

Xgwm6.2 (5AL) 0.08** 0.14***

Xwmc273 (7BL) 0.07** 0.06*

Multiple regression 0.46*** 0.41***

Significance levels: *** P \ 0.0001, ** P \ 0.001,

* P \ 0.01
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centromere position from physical maps in Sourdille

et al. (2004), particularly for the long arms of

chromosomes 2A, 2B, 3B, and 4B. We estimate that

our maps have about 75% coverage of the whole

genome. Therefore, to increase the potential of

identifying genes of interested, additional work is

needed to develop more markers to increase the map

coverage and to fill several large gaps.

Segregation distortion of markers is a common

phenomenon that has been observed on previously

published maps. In hexaploid wheat, the percentage

of distorted markers ranged from 3 (Quarrie et al.

2005) to 27% (Cadalen et al. 1998). We observed that

12.5% of the markers showed skewed segregation

ratios and chromosome 3B harbored the most mark-

ers with distorted segregation ratios, which were

clustered near the centromeric region. The centro-

meric clustering of markers with distorted ratios was

also observed by Chu et al. (2008c) on chromosome

4B in a map developed based on a hexaploid DH

population. In the current work, chromosome arm

3BL marker segregation ratios were skewed in favor

of PI 94749 alleles. It is possible that chromosome

arm 3BL of PI 94749 harbors gene(s) that affect

fertilization by maize pollen or increase the viability

of haploid embryos during the embryo-rescuing

process. It is also possible that PI 94749 harbors

factors involved in competition among gametes for

preferential fertilization as was shown to occur in

tetraploid wheat by Kumar et al. (2007).

Resistance to tan spot caused by isolates of

P. tritici-repentis races 1 and 2 in this population

was governed by five genomic regions. Lebsock

carried resistance alleles at the most QTLs with one

major QTL on chromosome arm 5AL (QTs.fcu-5A.1)

that was the most significant for reaction to both

isolates. This is consistent with the observation that

Lebsock was more resistant than PI 94749. The

transgressive segregation of DH lines with better

resistance than either parent indicated that these

QTLs had some additive characteristics and could be

combined to develop highly resistant germplasm. In

addition, our results also indicated that the sources

with a relatively lower level of resistance could still

be used in breeding to greatly improve tan spot

resistance.

Of the five QTLs identified in this population,

QTs.fcu-3B may be the same as the one detected in

hexaploid wheat by Faris and Friesen (2005) and in

tetraploid wheat by Singh et al. (2006a) based on the

chromosome positions of common markers. Also,

QTs.fcu-5A.1 and QTs.fcu-3A may be the same as

those identified by Chu et al. (2008b) and Singh et al.

(2008) in hexaploid wheat, respectively. The remain-

ing two, QTs.fcu-5A.2 and QTs.fcu-7B, were novel

QTLs identified in this research, since the resistance

conferred by these genomic regions has not been

reported.

Insensitivity to Ptr ToxA has previously been

shown to be associated with tan spot resistance in

hexaploid wheat (Chu et al. 2008b; Friesen et al.

2003; Lamari and Bernier 1989b), but no significant

association between disease resistance and Ptr ToxA

insensitivity was found in our DH population. This

Table 3 Composite interval mapping (CIM) analysis of QTLs associated with resistance to isolates Pti2 (race 1) and 86-124 (race 2)

in the doubled haploid population derived from Lebsock 9 PI 94749

QTL Marker intervala Peak markerb R2 value LOD Additive effectc

Pti2 86-124 Pti2 86-124 Pti2 86-124

QTs.fcu-3A Xbarc321–Xwmc11 Xbarc321 0.11 0.08 4.62 3.10 -0.44 L -0.37 L

QTs.fcu-3B Xwmc231–Xwmc762 Xwmc529 0.08 0.05 3.88 2.36 -0.36 L -0.30 L

QTs.fcu-5A.1 Xgwm425–Xgwm6.1 Xbarc360 0.22 0.15 5.14 4.05 -0.52 L -0.42 L

QTs.fcu-5A.2 Xwmc110–Xgwm595 Xgwm6.2 0.08 0.13 3.32 4.11 -0.31 P -0.40 P

QTs.fcu-7B Xwmc276–Xbarc182 Xwmc273 0.08 0.06 3.13 3.01 -0.36 P -0.30 P

LOD logarithm of the odds
a Markers within the interval were significantly (LOD [ 3.1) associated with resistance in CIM
b The most significant marker in the marker interval
c Additive main effect contributed by allele from corresponding parent, where L = Lebsock and P = PI 94749. The negative sign

indicates the QTL allele showed a reduced effect on tan spot rate
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result is not unexpected because PI 94749 was

insensitive to Ptr ToxA and yet was moderately

susceptible to both Ptr ToxA-producing isolates. This

is consistent with the results of Chu et al. (2008a)

where the Tsn1-Ptr ToxA interaction was not signif-

icantly associated with tan spot development in a

collection of 206 tetraploid wheat accessions. Also,

Faris and Friesen (2005) demonstrated that the Tsn1

locus was not significantly associated with tan spot

resistance in a hexaploid wheat population. The non-

association between Ptr ToxA insensitivity and

disease resistance in this population might be due to

the possibility that Ptr ToxA is partially contained

and/or the Tsn1-Ptr ToxA interaction may be super-

seded by resistance mechanisms that limit the effects

of the toxin, which would lead to host resistance

regardless of toxin sensitivity as suggested by Faris

and Friesen (2005). Further investigations are needed

to evaluate the expression and government of the

Tsn1-Ptr ToxA interaction in this population.

Pyrenophora tritici-repentis isolate 86-124 is

known to produce Ptr ToxA, and isolate Pti2 is

known to produce both Ptr ToxA and Ptr ToxC

(Effertz et al. 2002). We did not evaluate reaction to

the P. tritici-repentis toxin Ptr ToxC. However,

evaluation of the population for reaction to Pti2

revealed no significant effects from the chromosome

arm 1AS region, which is known to harbor the Tsc1

gene that governs sensitivity to Ptr ToxC (Effertz

et al. 2002). This result together with the fact that the

Tsn1-Ptr ToxA interaction was not a significant factor

in disease for either isolate makes it likely that 86-

124 and Pti2 produce other virulence factors in

addition to Ptr ToxA and/or Ptr ToxC which are

important in disease induction. The DH population

derived from Lebsock 9 PI 94749 may be useful for

conducting further studies to characterize additional

pathogen-related factors involved in causing tan spot.

In summary, we developed a tetraploid wheat DH

population and constructed linkage maps spanning

most of the genome. Five QTLs were identified for

conferring tan spot resistance in this population, and

two of them were novel. None of the QTLs corre-

sponded to known HST insensitivity loci, and the

Tsn1-Ptr ToxA interaction was not a significant factor

for tan spot development in this population. The DH

population and genetic maps developed in this study

provided useful tools for genetic research as well as

the identification and development of markers for

marker-assisted selection (MAS) in durum wheat.
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Korzun V, Röder MS, Wendekake K, Pasqualone A, Lotti C,

Ganal MW, Blanco A (1999) Integration of dinucleotide

microsatellites from hexaploid bread wheat into a genetic

linkage map of durum wheat. Theor Appl Genet 98:1202–

1207

Kosambi DD (1944) The estimation of map distances from

recombination values. Ann Eugen 12:172–175

Kumar S, Gill BS, Faris JD (2007) Identification and charac-

terization of segregation distortion loci along chromosome

5B in tetraploid wheat. Mol Genet Genomics 278:187–196

Lamari L, Bernier CC (1989a) Evaluation of wheat lines and

cultivars for reaction to tan spot Pyrenophora tritici-re-
pentis based on lesion size. Can J Plant Pathol 11:49–56

Lamari L, Bernier CC (1989b) Toxin of Pyrenophora tritici-re-
pentis: host-specificity, significance in disease, and inheri-

tance of host reaction. Phytopathology 79:740–744

Lander ES, Green P, Abrahamson J, Barlow A, Daly MJ, Lincoln

SE, Newberg L (1987) MAPMAKER: an interactive com-

puter package for constructing primary genetic linkage

maps of experimental and natural populations. Genomics 1:

174–181

Liu ZH, Anderson JA, Hu J, Friesen TL, Rasmussen JB, Faris JD

(2005) A wheat intervarietal genetic linkage map based on

microsatellite and target region amplified polymorphism

markers and its utility for detecting quantitative trait loci.

Theor Appl Genet 111:782–794

Maccaferri M, Sanguineti MC, Corneti S, Ortega JLA, Salem

MB, Bort J, DeAmbrogio E, Garcia del Moral LF, Demontis

A, El-Ahmed A, Maalouf F, Machlab H, Martos V, Mora-

gues M, Motawaj J, Nachit M, Nserallah N, Ouabbou H,

Royo C, Slama A, Tuberosa R (2008) Quantitative trait loci

for grain yield and adaptation of durum wheat (Triti-
cum durum Desf.) across a wide range of water availability.

Genetics 178:489–511

Manly KK, Cudmore RH Jr, Meer JM (2001) Map Manager

QTX, cross platform software for genetic mapping. Mamm

Genome 12:930–932

Mantovani P, Maccaferri M, Sanguineti MC, Tuberosa R,

Catizone I, Wenzl P, Thomson B, Carling J, Huttner E,

DeAmbrogio E, Kilian A (2008) An integrated DArT-

SSR linkage map of durum wheat. Mol Breed 22:629–

648

Nachit MM (1992) Durum wheat breeding for Mediterranean

dryland of North Africa and West Asia. In: Rajram S, Saari

EE, Hetel GP (eds) Durum wheats: ‘‘challenges and

opportunities’’. CIMMYT, Ciudad Obregon, Mexico,

pp 14–27

Nachit MM, Elouafi I, Pagnotta MA, El Saleh A, Iacono E,

Labhilili M, Asbati A, Azrak M, Hazzam H, Benscher D,

Khairallah M, Ribaut JM, Tanzarella OA, Porceddu E,

Sorrels ME (2001) Molecular linkage map for an intra-

specific recombinant inbred population of durum wheat

(Triticum turgidum L. var. durum). Theor Appl Genet 102:

177–186

Nelson JC (1997) QGENE: software for marker-based genomic

analysis and breeding. Mol Breed 3:239–245

North Dakota Wheat Commission (2008) NDWC Releases Top

Wheat Varities Grown in 2008. Available at http://www.

ndwheat.com/growers/detail.asp?newsID=1218, posted on

July 21, 2008, verified on March 25, 2009

Oliver RE, Cai X, Friesen TL, Halley S, Stack RW, Xu SS

(2008) Evaluation of Fusarium head blight resistance in

tetraploid wheat (Triticum turgidum L.). Crop Sci 48:

213–222

Paillard S, Schnurbusch T, Winzeler M, Messmer M, Sourdille P,

Abderhalden O, Keller B, Schachermayr G (2003) An in-

tergrative genetic linkage map of winter wheat (Triti-
cum aestivum L.). Theor Appl Genet 107:1235–1242

Peleg Z, Saranga Y, Suprunova T, Ronin Y, Röder MS, Kilian
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Schondelmaier J, Habash DZ, Farmer P, Saker L, Clarkson

DT, Abugalieva A, Yessimbekova M, Turuspekov Y, Abu-

galieva S, Tuberosa R, Sanguineti M-C, Hollington PA,

Aragués R, Royo A, Dodig D (2005) A high-density genetic

map of hexaploid wheat (Triticum aestivum L.) from the

cross Chinese Spring 9 SQ1 and its use to compare QTLs

for grain yield across a range of environments. Theor Appl

Genet 110:865–880
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